Background. Although the sentinel lymph node (SLN) hypothesis has been applied to many tissues and organs, liver has remained unstudied. Currently, it is unclear whether hepatic SLNs even exist. If so, they could alter the management of intrahepatic cholangiocarcinoma and other hepatic malignancies by minimizing the extent of surgery while still providing precise nodal staging. This study investigated whether invisible yet tissue-penetrating nearinfrared (NIR) fluorescent light can provide simultaneous identification of both the SLN and all other regional lymph nodes (RLNs) in the liver. Methods. In 25 Yorkshire pigs, this study determined whether SLNs exist in liver and compared the effectiveness of two clinically available NIR fluorophores [methylene blue and indocyanine green (ICG)], and two novel NIR fluorophores previously described by our group (ESNF14 and ZW800-3C) for SLN and RLN mapping. Results. In this study, ESNF14 showed the highest signalto-background ratio and the longest retention time in SLNs without leakage to second-tier lymph nodes. The findings showed that ICG had apparent leakage to second-tier nodes, and ZW800-3C had poor migration after intraparenchymal injection. However, when injected intravenously, ZW800-3C was able to highlight all RLNs in liver during a 4-to 6-h period. Simultaneous dualchannel imaging of SLN (ESNF14) and RLN (ZW800-3C) permitted unambiguous identification and image-guided resection of SLNs and RLNs in liver. Conclusion. The NIR imaging technology enables realtime intraoperative identification of SLNs and RLNs in the liver of swine. If these results are confirmed in patients, new strategies for the surgical management of intrahepatic malignancies should be possible.
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Sentinel lymph node biopsy (SLNB) currently is the standard of care for breast cancer and melanoma. 1, 2 Use of SLNB provides precise nodal status intraoperatively and also helps clinicians to avoid unnecessary lymphadenectomies, which in turn can cause postoperative edema, postoperative bleeding, lymphatic fistulas, and tissue injury. Although large ongoing clinical trials are testing the utility of SLNB in gastrointestinal (GI) malignancies, there is no report of SLNB in liver to date.
Intrahepatic cholangiocarcinoma (IHC), the second most common primary hepatic malignant tumor, accounts for 4.1 % of primary liver cancers and has a very poor prognosis compared with other GI malignancies. 3 Although regional lymph node (RLN) resection typically is recommended as a diagnostic procedure, its therapeutic benefit remains controversial, 4 and the surgery itself has a high morbidity rate. 5, 6 Lymphadenectomy of RLN in liver also is performed in fibrolamellar hepatocellular carcinoma, which represents 0.6-8.6 % of all hepatocellular carcinomas (HCCs), 7, 8 as well as in extrahepatic cholangiocarcinoma and gallbladder cancers, although they are not primary liver cancers. 9, 10 If it were possible to perform SLNB for these diseases and if its feasibility were verified by a randomized clinical trial, unnecessary and invasive lymphadenectomy might be avoided while the same benefit still is provided.
The liver presents one of the most complex lymphatic drainage patterns in the body. It is not possible with any known technology to predict the direction or rate of flow from a tumor site in liver to the nearest lymph node or nodes or to identify SLNs quickly and accurately.
This study exploited invisible near-infrared (NIR) fluorescent light and leverage novel chemical entities and imaging systems to explore SLN and RLN mapping in swine liver, which is similar in anatomy and size to human liver.
MATERIALS AND METHODS

NIR Fluorescent Contrast Agents for SLN and Pan Lymph Node Mapping
The methylene blue (MB) stock solution (10 mg/ml; 31.3 mmol) was from Taylor Pharmaceuticals (Decatur, IL, USA). The indocyanine green (ICG) was from MP Biomedicals (Santa Ana, CA) and dissolved in distilled water at 2.5 mg/ml (3.2 mmol). We synthesized ESNF14, a pentamethine cyanine fluorophore, 11 and ZW800-3C, a zwitterionic (ZW) heptamethine indocyanine fluorophore, as described in detail previously. 12 We dissolved ESNF14 and ZW800-3C in 5 % dextrose in water (D5 W) as 100-lmol stock solutions.
Measurement of Optical Properties
Optical properties were measured in fetal bovine serum supplemented with 50 mmol HEPES, pH 7.4, as described in detail previously. 13, 14 In silico calculations of the distribution coefficient (logD) were performed using MarvinSketch 5.2.1 (ChemAxon, Budapest, Hungary).
Animal Models
Animal studies were performed under approved institutional protocol #034-2013 in an Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC)-certified facility. In this study, 25 female Yorkshire pigs (E. M. Parsons and Sons, Hadley, MA, USA) averaging 35.2 kg were induced with 4.4 mg/kg intramuscular Telazol (Fort Dodge Labs, Fort Dodge, IA, USA), intubated, and maintained with 2 % isoflurane (Baxter Healthcare Corp., Deerfield, IL, USA). Electrocardiogram, heart rate, pulse oximetry, and body temperature were monitored during the experiment.
NIR Fluorescence Imaging System
The dual-NIR-channel Fluorescence-Assisted Resection and Exploration (FLARE) imaging system has been described in detail previously. 15, 16 A color image and two independent channels (700 and 800 nm) of NIR fluorescence images were acquired simultaneously with custom software at rates up to 15 Hz over a 15 cm diameter field of view (FOV). In the color-NIR-merged images, 700-nm NIR fluorescence and 800-nm fluorescence were pseudocolored red and lime-green, respectively.
NIR Imaging of SLNs in Liver and Pan Lymph Nodes in Pigs
A midline laparotomy and a right transrectus incision were performed. Swine liver contains six lobes: right lateral, right medial, left medial, left lateral, quadrate, and caudate. The right lateral and right medial lobes are equivalent to the human right posterior and right anterior segments, respectively, and the left medial and left lateral lobe are equivalent to the human left medial and left lateral segments, respectively. For SLNB experiments, NIR fluorescence images were acquired 0, 1, 3, 5, 10, 15, and 30 min after injection. At 30 min after injection, all NIR hotspots were resected and analyzed microscopically. For pan lymph node (PLN) mapping experiments, images were acquired 0, 15, 30, 60, 90, 120, 180, 240, 360, and 480 min after injection.
Classification of RLNs in Liver
Human RLNs are classified as hilar lymph nodes (H-LN) and periduodenal and peripancreatic lymph nodes (PP-LN) in the right liver; as H-LN and gastrohepatic lymph nodes (G-LN) in the left liver, and as celiac and/or periaortic and caval lymph nodes (PA-LN), with the latter defined as distant metastasis in IHC. 17, 18 Because the swine and human anatomies are similar, we classified the RLN of swine liver as H-LN, PP-LN, or G-LN. After the resection of identified SLNs, six pigs underwent resection of all RLNs (H-LN, PP-LN, G-LN) and PA-LNs regardless of the injection lobe. Kocherization was not performed in all cases because the duodenum and the pancreas are not fixed to the retroperitoneum in swine. To minimize operative time, the common bile duct and the hepatic artery in the hepatoduodenal ligament were resected with these nodes without reconstruction during lymphadenectomy.
Immunohistochemical Analysis and NIR Fluorescence Microscopy
A board-certified pathologist reviewed all the resected tissue samples. In addition, anti-CD79a antibody (HM47/ A9) was purchased from Abcam (Cambridge, MA, USA), and anti-Bcl-6 antibody (N-3) was purchased from Santa Cruz Biotechnology (Dallas, TX, USA). These antibodies were used for immunohistochemical staining to confirm further that the resected tissue was lymph node. A fourfilter Nikon Eclipse TE300 epifluorescence microscope was used to perform NIR fluorescence microscopy as previously described. 19, 20 To detect ESNF14, we used a 650 ± 22-nm excitation filter and a 710 ± 25-nm emission filter. To detect ZW800-3C, we used a custom filter set (Chroma Technology Corporation, Brattleboro, VT, USA) composed of a 750 ± 25-nm excitation filter, a 785-nm dichroic mirror, and an 810 ± 20-nm emission filter.
Quantitation and Statistical Analysis
The fluorescent intensity (FI) of a region of interest (ROI) over the LN, rectus abdominis muscle, pancreas, and liver was quantified using custom FLARE software. The performance metric for this study was the signal-to-background ratio (SBR): SBR = FI of ROI/background (BG) intensity. The rectus abdominis muscles, pancreas, and liver were used as BG for this calculation to yield SBR (LN/muscle), SBR (LN/pancreas), and SBR (LN/liver), respectively. Results are presented as mean ± standard deviation. The statistical analysis was performed using the unpaired t between two groups and a one-way analysis of variance (ANOVA) between multiple groups. A p value lower than 0.05 was considered significant.
RESULTS
Optical Properties of NIR Fluorescent Contrast Agents
The chemical structure, absorbance spectra, and fluorescence spectra for the MB, ICG, ESNF14, and ZW800-3C are shown in Supplementary Information Fig.  S1 . Additionally, Table S1 details the optical properties of these agents in fetal bovine serum (i.e., in the microenvironment they encounter after injection into the body). Compared with MB, ESNF14 has a twofold higher extinction coefficient and more than a fourfold higher QY, resulting in a total brightness more than eight times greater. Similarly, the optical properties of ZW800-3C result in a fourfold greater brightness compared with ICG. In their absorbance and fluorescence spectra, ESNF14 and ZW800-3C have ideal separation, which matches the two channels (700 and 800 nm) of the FLARE imaging system and thus enables simultaneous dual-channel NIR fluorescence imaging.
SLN Mapping in Liver
In preliminary experiments (data not shown), we optimized the injection dose of each agent. To validate the theory of SLNB in liver, we injected 16 lmol of MB, 50 nmol of ESNF14, 1.6 lmol of ICG, or 50 nmol of ZW800-3C in 0.5 ml of D5 W directly into the liver parenchyma of the right lateral lobe, the right medial lobe, the left medial lobe, or the left lateral lobe (14 pigs total). Injections were not attempted in the quadrate or the caudate lobes due to their anatomy and therefore the technical difficulty. Methylene blue was injected in two cases (Fig. 1a) . Methylene blue showed a faint NIR hotspot in one case and no NIR hotspots in another case. Methylene blue also was absorbed systemically and resulted in a detectable NIR fluorescence signal in the pancreas. 21 Because of this poor performance, we excluded MB from subsequent experiments.
The results of SLN mapping in liver using the remaining NIR fluorophores are shown in Tables 1 and 2 and Supplementary Table S2 . After injection into the liver parenchyma, we could identify NIR hotspots promptly using ESNF14, ICG, and ZW800-3C (Fig. 1b-d) . In each hotspot, ESNF14 showed a high signal and was retained for at least 30 min (Fig. 1b) . In two cases of ICG, however, we observed efflux from the first draining node (i.e., SLN) into second-tier nodes within 5 min (Fig. 1c) . We also observed that ZW800-3C did not migrate well from the injection site and that identified hotspots were not as bright and exhibited lower SBR than other agents, although the signal was retained for at least 30 min (Fig. 1d) . Interestingly, the common bile duct (CBD) was visualized in all cases of injected NIR fluorophores due to excretion from the liver parenchyma into the biliary system. In addition, there were no highlighted lymphatic pathways toward the diaphragm.
A rigorous three-step process was used with NIR hotspots to confirm the presence of lymph nodes. First, the gross appearance, anatomic location, and texture were recorded and in all cases were consistent with lymphatic tissue. Second, a board-certified pathologist reviewed every tissue sample. In all cases, the pathologist confirmed the presence of lymph node tissue. Finally, random samples (*20 % of the total) were subjected to immunohistochemical staining of consecutive tissue sections using two independent biomarkers. As shown in Fig. 1e , resected NIR hotspots not only had a hematoxylin and eosin (H&E) appearance consistent with lymph nodes but also stained for CD79a (mantle zone) and Bcl-6 (germinal center) antigens in a pattern that unambiguously confirmed the presence of lymph nodes.
The performance of SLN mapping was compared among NIR fluorophores and among lobes (Tables 1, 2) . The average time from injection to detection was 3.5 min. The average numbers of NIR hotspots detected in vivo and resected were 2.0 and 2.1, respectively (Table 1) . A NIR hotspot was sometimes found to harbor more than one resected NIR hotspot. All NIR hotspots were found in either H-LN or PP-LN ( Table 2 ). The detection rates among fluorophores or among lobes did not differ significantly except for fewer resected NIR hotspots identified in the left than in the right lobes of H-LN (p = 0.032).
The best-performing 700-nm NIR SLN tracer, ESNF14, then was compared with ICG, which is the only clinical 800-nm NIR fluorophore. We injected 50 nmol of ESNF14 (n = 3) and 1.6 lmol of ICG (n = 3) into the liver parenchyma, including both sides of lateral and medial lobes. The average numbers of NIR hotspots were 2.7 and 2.0 and the average numbers of resected NIR hotspots were 2.7 and 2.3 for ICG and ESNF14, respectively. In this experiment, RLN was resected in a conventional manner (i.e., without the use of real-time image guidance). The average numbers of resected RLN were 22.3 and 19.0 and the average times of lymphadenectomy were 66.2 and 64.8 min for ICG and ESNF14, respectively (Table 3 ). All resected lymph nodes were examined for NIR fluorescence ex vivo using the FLARE imaging system. When ICG was used, an additional five NIR fluorescent nodes on the average were identified after resection. When ESNF14 was used, no additional NIR fluorescent nodes were found (p = 0.001). Therefore, ESNF14 was chosen as the optimal SLN tracer for dual-NIR imaging studies.
RLN Mapping in Liver
We previously reported that intravenous injection of ZW800-3C provided high contrast between all lymph nodes in the body and nearby tissues and organs, such as muscle, kidney, and liver, but did not explore RLN in the liver itself. 11 An ideal agent for hepatobiliary surgery needs to provide high contrast in LNs relative to both liver and pancreas. We injected ZW800-3C intravenously into four pigs at a dose of 1 lmol, and mesenteric lymph nodes (M-LN), H-LN, and PP-LN were observed during the next 8 h after injection (Fig. 2a) . As shown in Fig. 2b , the SBRs of LN/Mu and LN/Pa were high, with peak SBR occurring between 4 and 6 h after injection, whereas the SBR of LN to liver (LN/Li) varied considerably over time because ZW800-3C is partially cleared by liver.
Simultaneous Dual-NIR Imaging of SLN and PLN in Swine
To permit dual-channel imaging of RLN and SLN simultaneously, we injected 1 lmol of ZW800-3C (800-nm emission; for RLN mapping) intravenously 4 h before imaging and 50 nmol of ESNF14 (700-nm emission; for SLN mapping) into the liver subcapsular parenchyma of the right medial lobe 30 min before imaging (1 pig). The SLNs were stained immediately, and the dual-channel imaging of SLN and RLN was obtained simultaneously (Fig. 3a) . We performed SLN and RLN resection under direct FLARE image guidance and examined the fluorescence of the resected lymph nodes ex vivo. As expected, the SLNs exhibited both 700-and 800-nm fluorescence, whereas the RLNs exhibited only 800-nm fluorescence.
As a negative control procedure, we resected a groin lymph node before injection of NIR fluorophore, which exhibited no endogenous NIR fluorescent signal (Fig. 3b) . Microscopically, RLN had a bright 800-nm signal in the cortex, adjacent to vasculature structures. The SLN, on the other hand, exhibited a more focal and stronger 700-nm signal, together with a diffuse 800-nm signal, in the cortex (Fig. 3c ).
DISCUSSION
Our study proved the feasibility of SLN mapping of liver provided the appropriate contrast agents are used. Because MB and ICG are already available clinically, they are attractive candidates for future clinical translation. However, MB performed poorly, and ICG exhibited escape from SLNs to second-tier nodes and additional NIR fluorescent nodes in resected RLN, as seen in previous reports, 22, 23 and these phenomena lower the accuracy of the SLNB. Interestingly, the 800-nm NIR fluorophore ZW800-3C also performed poorly for SLN mapping because it did not efficiently enter lymphatic channels after injection, likely due to its high ionic charge. Of all the agents tested, the 700-nm NIR fluorophore ESNF14 was optimal for SLNB, whereas the 800-nm NIR fluorophore ZW800-3C was optimal for PLN mapping. Also, 800 nm is the preferred wavelength for maximizing tissue penetration while minimizing autofluorescence, which is needed for PLN mapping.
Recently, a large-molecule-weight polymeric mannose derivative (technetium Tc-99m tilmanocept; Lymphoseek) was approved for lymph node mapping using radioactive gamma scintigraphy. 24, 25 Unlike Lymphoseek, ESNF14 is a small molecule with ultrarapid flow from injection site to lymph nodes, does not expose caregivers or patients to ionizing radiation, and provides high resolution and realtime image guidance using NIR light. Its major disadvantage, of course, is the depth of NIR light penetration (mm vs cm), but at the very least, it complements radioactive lymphatic tracers.
The lymphadenectomy in hepatobiliary cancer, and especially IHC, is one of the most difficult techniques in GI surgery. Resection is complex, and serious postoperative complications are common. Nevertheless, lymphadenectomy still is recommended for precise definition of nodal status. 4 In the current study, we demonstrated that NIR fluorescence can help find RLNs quickly and with high sensitivity, thus minimizing the extent of exploration. When it is combined with a SLN contrast agent and a dual-NIR imaging system, both SLNs and RLNs can be identified and resected under real-time image guidance. This technology may make it possible someday to omit lymphadenectomy when it is confirmed that no SLN metastases are present. Importantly, future clinical translation of ESNF14 and ZW800-3C is feasible. The anticipated dose of ESNF14 falls under the microdosing guidelines of the Food and Drug Administration (FDA), making it eligible for an exploratory investigational new drug application (eIND), and even the dose of ZW800-3C is 25 times lower than the typical dose of ICG. Nevertheless, appropriate toxicology studies must be performed before human testing. Approval of these novel compounds by the FDA for the clinical translation of these promising techniques is strongly expected because NIR fluorescence imaging systems are now widely available for both open and minimally invasive surgery.
Our study had important limitations. First, although we used a large animal (pig) with an anatomy similar to the human anatomy, the lymphatic system differs somewhat between pigs and humans. For example, pigs lack lymph nodes around liver, especially the H-LN, where lymph node metastases appear frequently in hepatobiliary cancer. Moreover, humans may have alternative lymphatic drainage pathways, not only to the diaphragm, but also to distant LNs such as paraaortic, for example, which were not seen in the current study. Second, no IHC tumor model in pigs exists, so we could not assess this technology in the setting of tumor and lymphatic involvement, which might alter lymphatic flow and SLN identification. Third, NIR fluorescence is capable only of finding targets approximately 5-8 mm below the tissue surface, making deeper LNs invisible to the technique. Finally, ZW800-3C is partially cleared by hepatic transport to bile, causing a transiently high background in liver and duodenum, which could interfere with LN identification.
In conclusion, we proved the feasibility of SLNB and complete RLN resection in liver using a human-sized large animal model system and novel NIR fluorescent contrast agents optimized for SLN and PLN mapping. Although it is necessary to verify the feasibility of SLNB in a human clinical study, this technology should enable both precise intraoperative staging and minimal invasive surgery in hepatobiliary cancer.
